Eight plasma lipoprotein patterns currently employed in attempts to identify different forms of familial dyslipoproteinemia have been compared by two methods. The first (NIH method) is based on paper electrophoretic patterns produced by the four lipoprotein classes obtained by paper electrophoresis in albuminated buffer, coupled with the measurement of the total cholesterol of three of these lipoprotein classes and ascertainment of abnormal flotation of beta-migrating lipoproteins. The second (Donner method) is based on lipoprotein patterns obtained in the analytical ultracentrifuge, adapted for computer analysis and complemented by chemical determination of the concentration of chylomicrons (lipoproteins of S f° > 400).
INTRODUCTION
Plasma lipoprotein patterns provide a more systematic basis for classification and study of hyperReceived for publication 16 January 1968 and in revised form 25 July 1968. lipidemia than can be achieved by lipid determinations alone. The usefulness of this approach has recently been demonstrated in the study of primary familial hyperlipoproteinemia where the distribution of five basic types of patterns is such as to suggest that the patterns are capable of segregating more different phenotypes than had been detected previously (1) . For these studies a system for defining lipoprotein patterns was established at the National Heart Institute to permit the rapid screening of large numbers of samples. The basic technique is paper electrophoresis using albuminated buffer (2) , to which are added several other measurements that are relatively simple. Occasionally it is also necessary to employ a single separation at d = 1.006 in the preparative ultracentrifuge to measure the concentration of beta lipoproteins and determine their relative density (1) . 1 The NIH system was established on the premise that the four lipoprotein bands obtained with electrophoresis, the alpha, beta, and prebeta lipoproteins, and the chylomicrons, are comparable to major lipoprotein classes defined by other techniques. Experiments have demonstrated the relationship of the bands on paper to fractions obtained by preparative ultracentrifugation and further clarified some of their interrelationships and different roles in fat transport (3) (4) (5) .
There remains to be demonstrated, however, the extent to which the results obtained by this system are interconvertible to data obtained with an optimal method for quantifying and characterizing lipoproteins. This latter method is provided by the analytical ultracentrifuge, as especially adapted at the Donner Laboratory for analysis by the computer of the low and high density lipoprotein spectra over many Sf0 and F rate increments, respectively (6) , and complemented by a procedure for the isolation and quantification of a chylomicron containing fraction (lipoproteins of Sf°> 400) (7) .
Our paper describes such a comparison of lipoprotein analyses obtained by the NIH and Donner systems on pooled plasma samples representing five different types of familial hyperlipoproteinemia and three different forms of inherited lipoprotein deficiency. For several of these disorders, the studies also represent the first definitive lipoprotein determinations by the analytical ultracentrifuge.
METHODS Patients
The patient donors were selected from families studied by the NIH Molecular Disease Branch. Each patient had been thoroughly examined as an outpatient to exclude any other disease known to cause abnormal lipoprotein patterns, and most had been hospitalized one or more times for intensive study. No patient was receiving medications and all had been encouraged to eat a regular diet for at least 1 wk before sampling. All of the available relatives of the patients were also sampled; and in all instances, except for some of the patients with type III hyperlipoproteinemia (see below), and one patient with type II, the same lipoprotein abnormalities were demonstrated in one or more first-degree relatives.
For four of the eight lipoprotein patterns the combined analyses were performed on a single sample composed of equal aliquots of plasma pooled from two or more patients. Similar pools were analyzed for types II, III, and IV, but other individual samples were also run for purposes of confirmation. The eighth pattern, abetalipoproteinemia, was obtained on plasma from a single patient. The different samples were derived and designated in the following manner.
Type I. This pool represented two brothers, J. P. and P. P., age 35 and 19, respectively, from a previously well-characterized family (8, 9) in which a total of three of six siblings have severe hyperlipemia dependent upon intake of dietary fat, low plasma postheparin lipolytic activity (PHLA), hepatosplenomegaly, and recurrent bouts of abdominal pain.
Type II. The pool contained samples from three males, R. U., 0. H., and S. V., and one female, J. S., 35, 35, 33 , and 35 yr, respectively, with the most common form of "familial hypercholesterolemia." In each instance the familial involvement was compatible with the expected dominant transmission of the type II abnormality and with the donor being a heterozygote (1) . Each of the donors of the type II pool also had tendon xanthomas. Their beta lipoprotein concentrations as individually determined varied from 320 to 380 mg/100 ml of lipoprotein total cholesterol. Although far above normal, this concentration is well below the lowest value of 650 mg/100 ml obtained in samples from eight untreated presumed homozygotes for type II examined recently at the NIH.1 Samples were also analyzed from two other patients with type II, who had higher glyceride concentrations than the pool. One patient, L. L., a 67 yr old woman, had extensive tendon xanthomas. Her daughter and two grandchildren also had type II patterns but with normal glycerides. The second patient, F. J., was a 45 yr old male, who had no xanthomas. His father died at age 42 of ischemic heart disease. His four children and mother were normal.
Type III. The pool was comprised of samples from four adults, two males, G. G. and E. A., and two females, M. L and B. R., ages 53, 46, 56, and 46, respectively. Individual samples were also analyzed from J. T., age 39 (two samples taken 30 months apart), his brother Ja. T., age 31, C. H., age 51, and J. R., age 46. Seven of these eight type III patients had superficial palmar xanthomas, five also had Achilles tendon xanthomas. Each had been followed for months and observed on multiple occasions to have the same lipoprotein pattern while eating a regular diet. When fed diets that caused weight loss, or that were low in cholesterol, and relatively high in content of polyunsaturated fats, each had a marked reduction in lipoprotein concentrations (1, 10) . A total of 33 siblings, parents, and children of these eight patients was sampled. Only one of these other relatives had a type III pattern. All of these findings were compatible with the usual clinical syndrome and the apparent "recessive" inheritance and late expression associated with the type III "genotype" (1) . Only 11 of the 35 propositi with this pattern studied at NIH to date have had a parent or sibling with the same abnormality. Most of the samples of type III in this study thus represented only presumed phenotypes of the familial abnormality.
Type IV. The pool for this pattern of hyperlipoproteinemia was represented by two males, J. B. and M. K., ages 56 and 35 yr. Both were asymptomatic but had moderate obesity and mild diabetes not requiring insulin. The two sons of J. B. had type IV patterns as did the mother and brother of M. K. A sample from S. K., age 56, the mother of M. K., was analyzed separately. Type V. This pool contained samples from two males, J. B. and J. V., and one female, F. J., whose respective ages were 33, 24, and 28 yr. All had been originally detected because of recurrent bouts of abdominal pain. The men had normal PHLA; it was not measured in F. J. Each had more than one parent or sibling with a type IV or type V lipoprotein pattern. For example, F. J. was one of six siblings, two of which had type IV patterns, two others were type V, while the sixth was normal. Both parents had type IV patterns. The admixture of type IV and type V patterns and the high frequency of familial involvement were compatible with other kindreds of type V propositi studied thus far (1 (11) .
Abetalipoproteinemia. This sample was obtained from a single patient, A. C.,2 age 21, whose sister also has the disease. They have been the subject of prior reports (12) and have been demonstrated to have no native plasma beta lipoprotein detectable by conventional immunochemical tests (5) .
Blood samples were obtained 14-16 hr after the evening meal, while the patients were on a regular diet as previously defined for phenotyping (1) . The disodium salt of ethylenediaminetetraacetic acid (EDTA), 1 mg/ ml of blood, was used as anticoagulant. Plasma was separated at 4VC and the samples kept at these temperatures from 1 to 3 wk before completion of electrophoretic, blood lipid, and lipoprotein analyses. Equal quantities of plasma from each patient were pooled. The pools were divided into two parts, for analyses at the NIH and Donner laboratories, respectively. The latter was shipped by air in containers with wet ice. The refractive index of each pool was measured prior to and on receipt of the shipments. These were unchanged, excluding any dilution or gross contamination during shipment.
Controls
Clinically healthy employees of the Lawrence Radiation Laboratory, Livermore, Calif., were used as controls for the lipoprotein measurements by the Donner system. Nonfasting morning serum samples were obtained from 16 males and 16 females, ages 35-50 yr. 25 ml of blood was drawn into evacuated tubes containing 1.5 mg of dried Merthiolate, giving a serum concentration of approximately 1/10,000.
NIH normal values (Table I a) were obtained from groups of fasting subjects who were clinically healthy and whose plasma triglycerides were < 200 mg/100 ml (1) .
NIH method
Plasma cholesterol and triglycerides were determined with the Technicon AutoAnalyzer (13a and b). 5-ml samples of plasma were diluted with 1.5 ml of 0.15 M NaCl solution and ultracentrifuged at 14WC for 16 hr at 100,000 g (14) in a Spinco 40. collected and the volume of the infranatant fraction returned to 5-ml by the addition of 0.15 M saline solution. The electrophoretic patterns of both fractions and that of the parent plasma were determined simultaneously with a modification (1) of the method of Lees and Hatch (2) . 0.02 ml of plasma was loaded on 'the strip in each case. The lipoprotein bands were stained with oil-red-O. The particles and lipoproteins containing beta lipoprotein were precipitated from a 3 ml aliquot of plasma by addition of 0.15 ml of 1.0 M manganese chloride and 6 mg of sodium heparin (15) . The cholesterol contents of the supernatant from this procedure and the fractions obtained in the preparative ultracentrifuge were then determined. Lipoprotein total cholesterol (Table I by the computer at the following number of flotation rate intervals for each class: Sf0 0-12, 11; Sf°1 2-20, 4; Sf°2 0-100, 8 ; Sf0 100-400, 6; and the two high density components of F1.20 3.5-9 and F120 0-3.5 at 7 and 8 intervals respectively.
The equivalent lipoprotein classes defined by the two systems that may be compared in Tables  I a and I b and the figures are as follows: alpha lipoproteins and total HDL, beta and Sf0 0-12 + Sf°1 2-20 lipoproteins, prebeta and Sf0 20-100 + Sf°100-400 lipoproteins, and the two "chylomicron" fractions. The two concentrations given for these equivalent lipoproteins are in different terms. One is expressed as total lipoprotein cholesterol, the other as mass of lipoproteins/100 ml of plasma.
The normal pattern In the normal adult (Fig. 1) FIGURE 1 A comparison of normal lipoprotein patterns obtained by the analytical ultracentrifuge combined with chylomicron analyses (above) and electrophoresis (below). The former are derived from pooled data from 16 subjects of each sex (Table I) . The latter represents a sample from a 32 yr old male with the following lipid or lipoprotein cholesterol concentrations: plasma cholesterol, 206; alpha, 41; beta, 147; VLDL, 18; and plasma triglyceride, 110, all in mg/100 ml. In this and subsequent figures, the strips represent simultaneous electropherograms of native plasma and the supernatant ("< 1.006") and infranatant ("> 1.006") fractions obtained after preparative ultracentrifugation of plasma as described in the text.
NIH system a faint prebeta band is usually, but not always present; and a chylomicron band is not visible in native plasma obtained after an overnight fast (1). After preparative ultracentrifugation without adjustment of plasma density (a protein-and lipoprotein-free density of approximately D = 1.006) all lipoproteins of beta mobility in the normal were confined to the infranatant fraction of d > 1.006 (Fig. 1) . The lipoproteins of prebeta mobility were all located in the supernatant fraction of d < 1.006. The intensity of the staining of the prebeta band in Fig. 1 and in subsequent figures was enhanced over that obtained in the whole plasma sample, since the ultracentrifugation results in a twofold increase in concentration of the supernatant fraction. The faint trail of dye visible from the origin to the prebeta region in the d < 1.006 electrophoretogram shown in Fig. 1 has been considered to represent lipoproteins of Sf°100-400 or greater (3) .
The features of the normal profiles obtained in the analytical ultracentrifuge (Fig. 1) have been described previously (6) . These included a greater total concentration and asymmetry in distribution of HDL in females and higher concentrations in males of each of the major classes of low density lipoproteins. Also, the Sf°rate of the Sf0 0-12 component was higher in females than in males. The low chylomicron concentrations of 3 and 11 mg/100 ml may have been slightly higher in these nonfasting subjects than would be obtained in prebreakfast samples.
Abnormal patterns
The relative concentrations of the equivalent lipoprotein classes departed from the normal in a comparable fashion in each of the different abnormal pools (Table I ). These abnormalities, whether observed on the electrophoretic strips or in the ultracentrifuge, resulted in a distinctive pattern for each of the eight samples.
Types I, IV, and V. The lipoprotein patterns identified as Types I, IV, and V may conveniently be considered together. These three patterns are associated with hyperglyceridemia (hyperlipemia) that appears to be due to different metabolic abnormalities and their distinction is useful for genetic and other clinical purposes (1) .
The three electrophoretic patterns (Figs. 2-4) had the qualitative differences earlier used to define them (1). The type I pattern (Fig. 2) , characteristic of familial hyperchylomicronemia, was dominated by a dense chylomicron band. Only very faint beta, prebeta, and alpha lipoprotein bands were visible in keeping with the quantities of cholesterol representing each (Table I a).
In the type IV pool (Fig. 3 ) the prebeta lipoprotein band was increased and no chylomicron band was present. This pattern is representative of an excess of glycerides primarily of endogenous origin (1, 3) . The individual sample from S. K., whose plasma triglyceride was 520 mg/100 ml, had comparable lipoprotein profiles to the type IV pool. The type V pattern in Fig. 4 (Table I) .
The lipoprotein profiles and chylomicron assays provided by the Donner methods for the type I, IV, and V pools (Figs. 2-4) were also distinctive and revealed certain quantitative information not heretofore described for these particular lipoprotein abnormalities. In type I the massive quantities of chylomicrons were accompanied by a much smaller increase in Sf0 100-400 lipoproteins spread fairly evenly throughout this flotation rate interval.
As predictable from the electrophoretogram, the HDL and Sf0 0-20 lipoproteins were quite reduced in type I; the distribution of the latter was also unusual. There was a suggestion of heterogenity in the distribution of Sf0 0-12 lipoproteins, although the peak of this component at Sf°5 -8, was approximately in the normal range. The profiles for types IV and V had different features, some of them also predictable from the electrophoretogram. In type V, the concentration of chylomicrons was greatly elevated but, in contrast to type I, there were also great increases in both Sf0 20-100 and Sf0 100-400 lipoproteins.
These lipoproteins reached maximum concentration within the interval Sf°60-200 and were still abundant at the Sf0 400 Schlieren cut-off point (Fig. 4) were clearly demonstrated in the type III pool shown in Fig. 7 and are unique for type III, with the exception of the Tangier homozygote (see below). The pools for types II and III were designed such that the plasma glyceride concentrations would be fairly similar and thus relatively low for type III, in which glycerides usually range from 200-1000 mg/100 ml (mean of 48 patients, 475 mg/100 ml). Five analyses from more representative type III patients with glycerides from 380 to 534 are summarized in Table II . All of these patients have beta lipoproteins that float at d < 1.006. In these patients and the pool, the beta lipoprotein cholesterol was low or normal and that in VLDL abnormally high.
In the analytical ultracentrifuge the "broad beta" Fig. 7) . The same general changes occurred in the type III patients with higher glycerides, but in them there were also greater increases in Sf0 20-100 and 100-400 lipoproteins (Table II) . Most of these patients had not returned to baseline by Sr0 400 and small amounts of chylomicrons were present at the origin of their electrophoretograms. Alpha lipoproteins were either low or normal in type III.
The type III pattern could thus be distinguished from type II by either method. It is possible that the type III and type IV patterns might occasionally be difficult to distinguish by the quantitative analyses (Tables I and II) (Fig. 7) . This phenomenon is attributed to the virtual absence of alpha lipoproteins (4), believed to be responsible normally for the enhanced electrophoretic mobility of the very low density complexes (4 (11) . While the electrophoretogram from this pool (Fig. 9 ) contained a visible alpha band, the total cholesterol in alpha lipoproteins was abnormally low (Table  I a) . Plasma glycerides were elevated and accompanied by an appropriate increase in the prebeta band. All of the beta migrating lipoproteins had a d > 1.006 (Fig. 9) .
The results in the analytical ultracentrifuge were comparable. The total HDL concentrations were low (Table I b ). The remaining profile (Fig.  9 ) was similar to that of the homozygote, there being abnormal increases in terms of the Sf0 20-100 and Sf0 100-400 lipoproteins. The chylomicrons, although somewhat elevated, were less than the homozygote.
The two methods produced comparable patterns that are distinctive in comparison to the other patterns tested, but the inference is to be avoided that this pattern is phenotypic of the Tangier heterozygote. Although these subjects tend to have increased VLDL associated with their low alpha lipoproteins (11) , this combination appears in other abnormalities and may be indistinguishable from familial type IV hyperlipoproteinemia (Table I) . If either of the analytical methods described here are used, the assignment of the heterozygous Tangier phenotype also requires at least the further knowledge that the patient shares blood relationship with a known abnormal homozygote for this disease.
Abetalipoproteinemia. The complete absence of a beta band on electrophoresis and the absence of all lipoproteins of Sf0 > 0 shown in Fig. 10 describe a unique set of patterns in abetalipoproteinemia. The HDL profile in the analytical ultracentrifuge was also remarkable among all the samples tested, there being a pronounced two-component concentration curve with increased F rate such that it was necessary to analyze the 48' rather than the standard 64' up-to-speed Schlieren photograph. Somewhat comparable shifts in HDL have been recorded in this disease with the preparative ultracentrifuge (5, 22) . Although no low density lipoproteins were detected here, small amounts of alpha lipoproteins have been found by immunochemical means in the 1.006-1.063 density range of Sf0 0-20 lipoproteins in all of seven patients examined in one study (5) . General
The present study was not designed to substantiate the value of a particular plasma lipoprotein pattern for defining a specific phenotype or disease. This still remains to be established for some of these patterns. Nor was this study intended to define adequately the degree of variability of such patterns in one or more patients. What has been achieved is a demonstration of the high degree to which data obtained by electrophoresis and the analytical ultracentrifuge are interconvertible. It is important to point out that comparisons of results from the major methods for defining lipoproteins will likely remain qualitative rather than quantitative. This is true even though some quantification of the electrophoretic strips is possible, either by strip-scanning, elution of bands, or by ancillary procedures such as are used in the NIH system. In the present experiments there was reasonable correspondence between the concentrations of alpha lipoprotein cholesterol (Table I a) and those of total HDL (Table I b) in six of the eight plasma pools. The precipitation technique for determining alpha lipoproteins is least reliable when appreciable chylomicrons are present. This probably accounts for the major discrepancies between the different methods as applied to pools from type I and type V. Even the measure of agreement obtained in these studies does not permit the conclusion that lipoproteins having given flotation characteristics and electrophoretic mobility can ever be precisely equated.
These considerations notwithstanding, the present study supports two conclusions of practical importance. The first is that appropriate procedures based on electrophoresis may continue to be used in clinical studies with reasonable confidence that all the gross abnormalities in lipoprotein patterns that are currently known will be detected. This has particularly important implications for genetic studies where screening on a large scale is often necessary both to establish a genotype and to determine its distribution. For this, simple and inexpensive procedures are paramount. The analytical ultracentrifuge has far superior resolution and capacity for quantification. Its potential is thus greater for uncovering subvarieties of major abnormalities and for understanding the metabolic errors involved. The limitations on its application lie in the considerable cost in time and resources required for individual analyses.
Herein lies a second implication of the favorable comparisons between the two lipoprotein techniques. All of the data supplied by each is not interchangeable, but the clinical or genetic abnormalities they may define can be interrelated by common nomenclature, perhaps using simplified terms. The feasibility of this has been demonstrated, and it remains for the appropriate terminology to evolve. Such an approach will make possible a translation of results from different laboratories that will much enhance the usefulness of lipoprotein patterns in clinical investigations.
